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Abstract 
This paper proposes a dedicated observer scheme for fault diagnosis and isolation in instruments of an anaerobic reactor. An asymptotic 
observer is proposed for the estimation of the concentration of Chemical Oxygen Demand (COD), the concentration of anaerobic biomass and 
the produced biogas flow rate for an anaerobic reactor. The proposed observer is based on the ADM1 for applications in continuous UASB 
reactors and its main feature is that allows the monitoring of a dynamic balance between anabolic (biological synthesis) and catabolic 
(methane production) fluxes without biomass measurements in the reactor. Experimental results are shown using the ADM1 for the treatment 
of wastewater with high organic matter content from a brewery. Validation is carried out using real data obtained from a 2.1 L laboratory scale 
Up-flow Anaerobic Sludge Blanket (UASB) reactor. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Global Science and 
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1. Introduction 
The anaerobic reactors used for the treatment of wastewater are high uncertainly, which makes very difficult its operation and 
control due to the lack of sensors capable of measuring, on line, many of implicit variables in such reactors [2]. State observers, 
generally referred as “software sensors”, are used to solve the problems associated with the lack of sensors for real-time 
measurements of certain process variables [3]. The state observers have been a useful tool for estimating concentrations of 
organic matter and growth kinetics in anaerobic reactors and also, in recent years, it have begun to use for fault detection and 
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isolation (FDI) in instruments, actuators and parameters of such reactors [1]. In order to implement software sensors, a predictive 
model for a given process it must be designed. The modeling of anaerobic reactors has been a very active area of research in 
recent decades, from early models that considered the existence of a single bacterial group to more sophisticated models that 
consider the existence of multiple bacterial groups [2-7].  
In most publications on nonlinear observers for FDI system design, the residues are based on the estimation error obtained 
with the observers [8]. However, in most cases, biological reactors are not fully observable due to  its nonlinear nature, making it 
more appropriate estimate some relationships between parameters, rather than its individual estimates [9]. In the work presented 
by Dochain [10], it explores a methodology to determine the global observability and detectability of biological reactors. The 
proposed method formalizes the design of the asymptotic observers, which are able to estimate certain unmeasured state 
variables for the process despite uncertainties in the kinetics of such process. 
The objective of this paper is to describe the design of a dedicated observer scheme for fault diagnosis and isolation in 
instruments of an anaerobic reactor. An asymptotic observer is proposed for the estimation of the concentration of Chemical 
Oxygen Demand (COD), the concentration of anaerobic biomass and the produced biogas flow rate for an anaerobic reactor. The 
proposed observer is based on the ADM1 for applications in continuous UASB reactors and its main feature is that allows the 
monitoring of a dynamic balance between anabolic (biological synthesis) and catabolic (methane production) fluxes without 
biomass measurements in the reactor. Experimental results are shown using the ADM1 for the treatment of wastewater with high 
organic matter content from a brewery.  Validation is carried out using real data obtained from a 2.1 L laboratory scale UASB 
reactor. 
2. Model description 
The structure of the ADM1 model includes multiple steps describing physicochemical and biochemical processes of 
anaerobic digestion. The former consists of a set of differential equations describing the ion association and dissociation, and 
gas-liquid transfer while the latter includes several stages such as: homogeneous particle decay in carbohydrates, proteins and 
lipids, the extracellular hydrolysis of these particles into sugars, amino acids and long chain fatty acids (LCFA), respectively. 
The acidogenesis of sugars and amino acids in Volatile Fatty Acids (VFA) and hydrogen, the acetogenesis of VFA and LCFA 
from acetate, and finally, the process of methanogenesis from acetate and the mixture of hydrogen and carbon dioxide. A 
common assumption to simplify anaerobic digestion is to consider a two-step process: acidogenesis and methanogenesis. The 
acidogenesis is an anaerobic microbial process that generates volatile fatty acids without interference from external electronic 
acceptors or donors. Moreover, methanogenesis includes all the processes that lead to the production of methane from acetate 
(aceticlastic methanogenesis) or, from hydrogen (hydrogenotrophic methanogenesis). In this article, acidogenesis and 
methanogenesis processes are grouped into a single process of methane production, taking into account that, theoretically, the 
methane yield of a methanogenic consortium is 0.35 LCH4 / gCOD removed [11], which reflects a balance between anabolic 
(biological synthesis) and catabolic (methane production) fluxes.  
 
Fig. 1. (a) 2.1 L laboratory scale UASB reactor; (b) Schematic diagram of a UASB reactor 
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The study case presented in this paper is a 2.1 L laboratory scale UASB reactor (Fig. 1.a.), which contains a reaction 
chamber, an internal settler and a three-phase separator (biogas, treated water and biomass). Figure 1.b. shows a schematic 
diagram of a UASB reactor. Wastewater is distributed throughout the reaction section (at the bottom of the reactor) and then it 
flows upward through the sludge bed. In the sludge bed, dissolved organic matter in wastewater is converted into biogas, which 
always tends to go up, thus achieving an appropriate mix of mud and water and thus, avoiding the need for mechanical mixing. 
In the UASB reactor biogas is collected through the three-phase separator, while the mixture of water and mud flows through the 
sediment that is in the top of the reactor, where biomass is captured and returned by gravity to the reaction compartment. The 
mathematical model of a continuous UASB reactor, considering ADM1 terminology [2] for each reaction step, is given by: 
 
   
                                              (1) 
                   
with: 
   
 
 
where x1 is the concentrations of anaerobic biomass (i.e. acidogenic and methanogenic bacteria). s1 is the effluent concentration 
of COD. QCH4 is the output methane gas flow rate. D(t) is the dilution rate, Km,1 is the specific rate, and Ks,1 is the half saturation 
constant for anaerobic biomass. Kd is the specific rate of biomass decay, Y1 is a yield coefficient,  is the influent concentration 
of the COD. IPH represents the inhibition by pH, where pHLL and pHUL are the pH lower and upper limits, respectively. In order 
to determine the model parameters listed in Table 1, many simulations with different literature values were performed. For the 
acidogenesis process, the best results were obtained with the parameters introduced by [6]. For the methanogenesis process, the 
methane yield YCH4 was obtained from [11]. The adimentional parameter, a, was heuristically obtained. All other values were 
obtained from ADM1 model parameters [2]. 
Table 1. Model parameters 
Parameter Value Units 
Km,1 5.1 g COD  / g COD  d 
Ks,1 0.5 g COD  / L 
Kd 0.02 1 / d 
Y1 0.1 g COD / g COD 
Y2 0.05 g COD / g COD 
YCH4 0.35 L CH4 / g COD 
pHLL 6 adimentional 
pHUL 8 adimentional 
a  0.5 adimentional 
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3. Dedicated observer scheme 
The dedicated observer scheme that was developed contains three asymptotic observers. The asymptotic observer 1 is able to 
estimate , from the measurement of the sensor QCH4. Moreover, the asymptotic observer 2 is able to 
estimate , from the measurement of the sensor s1. Finally, the asymptotic observer 3 is able to estimate , 
from the measurement of the state variable x1.  The design of the asymptotic observers and the residues that each generates are 
described below.   
3.1. Asymptotic observer 1 
The model given in equation (1), can be rewritten as follows: 
 
                                                                (2) 
 
with: 
 
   
 
 
 
 
 
 
where x(t)  n is the state vector, C  m×n is the yield coefficient matrix and f(x(t), t)  m is the vector containing the 
nonlinear functions, which can be assumed completely unknown. The time-varying matrix A(t)  n×n is the state matrix and 
b(t)=B(t)u(t)  n is the vector of the inputs to the observer, which are time-varying functions. 
In order to design an asymptotic observer for the model described by equation (1), it was assumed that both, the dilution rate 
D(t) and the input variables of the reactor are known. Therefore, A(t) and b(t) are known  t  0. In addition, the variations of  
D(t) were bounded to ensure that A(t) was bounded. The equilibrium points x1=0, x2=0, QCH4=0, s1=s1i and s2=s2i (called wash-
out steady states) were obtained from (1) by setting the right-hand side functions equal to zero. In order to avoid the wash-out 
steady states of the reactor, the upper limit of the dilution rate was bounded at D(t)<1.  On the other hand, the lower limit of the 
dilution rate was bounded at D(t)>0.05 to ensure the observer stability and the maintenance of the continuous mode operation of 
the reactor. Since the nonlinearities f (x(t), t) are unknown, the asymptotic observer was designed such that unmeasured states 
could be reconstructed from measured states (Chen, 1992). This can be achieved by finding a suitable linear combination of the 
state variables w(t) = N x(t) with N  s×n such that: 
 
N C = 0                           (3) 
 
The state space can be divided such that equation (2) is rewritten as: 
a(t) = C1 f (x(t),t)+ A11(t)v1(t)+ A12(t)v2(t)+b1(t) 
b(t) = C2 f (x(t),t)+ A21(t)v1(t)+ A22(t)v2(t)+b2(t) 
where m measured states have been grouped in the vector v2(t) and the variables to be estimated are represented by v1(t). 
 
Hypothesis 1 [9]: rank C = rank C2 = c.  
 
This implies the following properties: 
a)  m and s are fixed, where m  c, and also s  n – c . 
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b) C1 can be written as a linear combination of C2 : C1 = K C2, with K  s×m. 
c) The nontrivial solution of equation (3) admits at least s columns of N to be chosen arbitrarily. 
A nontrivial solution of equation (3) can be stated as follows: 
N can be rewritten as: N = [N1 : N2] with N1  s×s, N2  s×m and the equation (3) can be rewritten as: N1C1 + N2C2 = 0. Then 
by properties (b) and (c), the simple solution of equation (3) is to choose arbitrarily N1 in order to calculate N2 as follows: N2= –
N1C1C2§, where C2§ is a generalized pseudo-inverse of C2, such that: C2C2§C2=C2. 
Under hypothesis 1, the system represented by equation (4) is the asymptotic observer 1, which is independent of the 
nonlinearities of the model described by equation (1). 
 
 
                                                   (4) 
 
 
with: 
 
 
 
In this observer QCH4 is the only measured state v2(t) = [QCH4] (dim v2(t) = 1) and variables to be estimated are represented by 
v1(t) = [x1   s1]T (dim v1(t) = s = n -m = 2). The matrices A11(t)  2×2, A12(t)  2×1, A21(t)  1×2, A22(t)  1×1, C1  2×1, C2  
1×1, b1(t)  2 and b2(t)  1are the corresponding partitions of A(t), C and b(t) respectively. For the calculation of the matrix 
N, N1 was chosen arbitrarily as an identity matrix to compute N2 as follows: N2= –N1C1C2§, obtaining the following result: 
 
Substituting N1 and N2 in equation (4) yields: 
 
 
The asymptotic observer 1 generates the following residues:  and  
3.2. Asymptotic observer 2 
The asymptotic observer 2 is able to estimate , from the measurement of the state variable s1. For the design of 
this observer, the model given in equation (1), can be rewritten as follows: 
 
                     (5) 
with: 
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where x(t)  n is the state vector, C  m×n is the yield coefficient matrix and f(x(t), t)  m is the vector containing the 
nonlinear functions, which can be assumed completely unknown. The time-varying matrix A(t)  n×n is the state matrix and 
b(t)=B(t)u(t)  n is the vector of the inputs to the observer, which are time-varying functions. 
Under hypothesis 1, the system represented by equation (6) is the asymptotic observer 2, which is independent of the 
nonlinearities of the model described by equation (5). 
 
 
                                                                       (6) 
 
 
with: 
 
 
In this observer s1 is the only measured state v2(t) = [s1] (dim v2(t) = 1) and variables to be estimated are represented by v1(t) = 
[x1   QCH4]T (dim v1(t) = s = n -m = 2). The matrices A11(t)  2×2, A12(t)  2×1, A21(t)  1×2, A22(t)  1×1, C1  2×1, C2  
1×1, b1(t)  2 and b2(t)  1are the corresponding partitions of A(t), C and b(t) respectively. For the calculation of the matrix 
N, N1 was chosen arbitrarily as an identity matrix to compute N2 as follows: N2= –N1C1C2§, obtaining the following result: 
 
 
Substituting N1 and N2 in equation (6) yields: 
 
 
The asymptotic observer 2 generates the following residues:  and  
3.3. Asymptotic observer 3 
The asymptotic observer 3 is able to estimate , from the measurement of the state variable x1. For the design of 
this observer, the model given in equation (1) can be rewritten as follows: 
 
                     (7) 
with: 
   
 
 
 
 
 
where x(t)  n is the state vector, C  m×n is the yield coefficient matrix and f(x(t), t)  m is the vector containing the 
nonlinear functions, which can be assumed completely unknown. The time-varying matrix A(t)  n×n is the state matrix and 
b(t)=B(t)u(t)  n is the vector of the inputs to the observer, which are time-varying functions. 
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Under hypothesis 1, the system represented by equation (8) is the asymptotic observer 2, which is independent of the 
nonlinearities of the model described by equation (7). 
 
 
                                                                       (8) 
 
 
with: 
 
 
In this observer x1 is the only measured state v2(t) = [x1] (dim v2(t) = 1) and variables to be estimated are represented by v1(t) 
= [s1   QCH4]T (dim v1(t) = s = n -m = 2). The matrices A11(t)  2×2, A12(t)  2×1, A21(t)  1×2, A22(t)  1×1, C1  2×1, C2  
1×1, b1(t)  2 and b2(t)  1are the corresponding partitions of A(t), C and b(t) respectively. For the calculation of the matrix 
N, N1 was chosen arbitrarily as an identity matrix to compute N2 as follows: N2= –N1C1C2§, obtaining the following result: 
 
 
Substituting N1 and N2 in equation (8) yields: 
 
 
The asymptotic observer 3 generates the following residues:  and  
4. Results 
To verify experimentally the operation of the proposed dedicated observer scheme for fault diagnosis and isolation in 
instruments of an anaerobic reactor, a 2.1 L laboratory scale UASB reactor was fed with wastewater from a brewery, which was 
diluted and conditioned to ensure an experimental influent S1i  concentration at 3 gDQO/L and pH=7. Reactor temperature was 
fixed at 35 oC. In order to obtain on-line measurement of the output methane gas flow rate, QCH4, a new on-line gas meter for 
laboratory scale anaerobic reactors was developed for this project [12]. A data acquisition (DAQ) card (USB6008 by National 
Instruments) was used to provide connectivity with a standard personal computer for DAQ and data processing in the study. A 
monitoring interface was developed for this project, which displays the obtained residues from the dedicated observer scheme 
that was developed (Fig. 2).  
Figure 2 shows that the sensor s1 has a fault from 60 days of experimentation because the residues that was generated by the 
asymptotic observer 2,    and  , have failed from that day because both of them were estimated 
from the signal of the sensor s1, which is precisely the sensor that presents a sudden and permanent fault of  +50 mgDQO/L at 
sixtieth day of experimentation. Moreover, the asymptotic observer 1 makes its estimations from the signal of the sensor QCH4, 
which presents no fault, and therefore   and  are well estimated and consequently, the residue  is almost 
zero because the sensor x1 is not faulty, while  presents a fault from 60 days of experimentation because the 
sensor s1 is faulty from that day. Furthermore, the asymptotic observer 3 makes its estimations from the signal of the sensor x1, 
which presents no fault, and therefore   and  are well estimated and consequently, the residue  is almost 
zero because the sensor QCH4 is not faulty, while  presents a fault from 60 days of experimentation because the 
sensor s1 is faulty from that day. 
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Fig. 2. Residues for a sudden and permanent fault of  +50 mgDQO/L, at sixtieth day of experimentation, in the sensor s1. 
5. Conclusions 
In this paper, a dedicated observer scheme for fault diagnosis and isolation in instruments of an anaerobic reactor was 
presented. The general structure of the ADM1 model has been established for the design of the asymptotic observers that was 
developed. The observers was validated experimentally using real data obtained from a 2.1 L laboratory scale UASB reactor for 
the treatment of wastewater from a brewery. The presented fault diagnosis and isolation system showed a satisfactory 
performance and good stability properties, in order to detect a sudden and permanent fault in instruments of a laboratory scale 
UASB reactor. 
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